BACKGROUND AND PURPOSE: Pediatric brain tumors have diverse pathologic features, which poses diagnostic challenges. Although perfusion evaluation of adult tumors is well established, hemodynamic properties are not well characterized in children. Our goal was to apply arterial spin-labeling perfusion for various pathologic types of pediatric brain tumors and evaluate the role of arterial spin-labeling in the prediction of tumor grade.
B
rain tumors are the most common solid tumors of childhood and are a leading cause of cancer deaths in children. 1 Unlike in adults, these tumors predominate in the posterior fossa and have more heterogeneous pathologic features, including embryonal and mixed neuronal-glial types. 2 Because of their diverse histologic presentation and biologic behavior, evaluation and treatment of pediatric brain tumors remain complex.
MR imaging is important in tumor diagnosis, surgical guidance, and therapeutic monitoring of brain tumors. Various PWI methods have shown clinical usefulness in adult glioma, including the use of relative maximal CBV and relative CBF from DSC-PWI to predict tumor grade and behavior. [3] [4] [5] [6] [7] [8] [9] [10] Despite abundant literature on adult brain tumors, few perfusion reports exist for pediatric brain tumors, [11] [12] [13] [14] potentially because of technical challenges. For example, the most widely available T2*-weighted DSC imaging often requires constant, high-flow contrast injection by power injectors, double-dosing, and large-bore intravenous access, which pose challenges in young children and infants. Recent studies have shown that arterial spin-labeling (ASL) may be a reliable alternative to DSC-PWI in the evaluation of tumor perfusion [15] [16] [17] [18] [19] [20] and can predict adult glioma grade. 16 ASL has distinct advantages in children because of lack of contrast requirement, high SNR, labeling efficiency, and the potential for CBF quantification. Also, ASL can be repeated in cases of failed sedation or patient motion, a frequent problem in children with brain tumors.
Although ASL has become increasingly available clinically, no ASL data exist on pediatric brain tumors. Our goal was to apply ASL perfusion for diverse pathologic types of pediatric brain tumors and evaluate the use of ASL perfusion for the prediction of tumor grade in children.
MATERIALS AND METHODS

Patients
A total of 54 consecutive patients younger than 19 years old with new primary brain tumors at our children's hospital were retrospectively reviewed after approval by the institutional review board (IRB-23336). The following inclusion criteria were used: patients obtained ASL at 3T as part of routine MR imaging; had no prior surgical resection, biopsy, or treatment of the tumor; underwent subsequent resection or biopsy of the tumor except in cases of optic pathway glioma (OPG) and diffuse intrinsic pontine glioma (DIPG), where tissue sampling was not used for diagnosis as part of standard care; and the solid component of the tumor exclusive of cyst, hemorrhage, or necrosis was greater than 1 mL. Patients with underlying cardiac disease, hypertension, or vasculopathy that could alter ASL perfusion, as well as patients with motion artifacts or dental braces or hardware that degrade ASL imaging were excluded.
Imaging Methods
All patients were examined at 3T MR imaging (Discovery 750; GE Healthcare, Milwaukee, Wisconsin) by use of an 8-channel head coil. The technique used to perform perfusion ASL has been detailed elsewhere. 21 In brief, ASL was performed by use of a pseudocontinuous labeling period of 1500 ms, followed by a 1500-ms postlabel delay. Whole-brain images were obtained with a 3D background-suppressed FSE stack-of-spirals method, with a TR of approximately 5 seconds. Multiarm spiral imaging was used, with 8 arms and 512 points acquired on each arm (bandwidth, 62.5 kHz), yielding in-plane and through-plane spatial resolution of 3 and 4 mm, respectively. A high level of background suppression was achieved by use of 4 separate inversion pulses spaced around the pseudocontinuous labeling pulse. The sequence required 5 minutes to acquire, including proton attenuation images for CBF quantitation. An effort was made to position the patients' heads in the exact same position to minimize any head tilting; all scans were performed in the axial plane. For graphic prescription of the ASL, the sagittal image following the 3-plane localizer was used for alignment. Using the microsphere methodology described by Buxton et al, 22 we performed postprocessing by using an automated reconstruction script that returned CBF images directly to the scanner console. Other ASL parameters were TR, 4632 ms; TE, 10.5 ms; FOV, 24 cm x 24 cm; matrix, 512 ϫ 8; and NEX, 3.
Imaging Analysis
For each tumor, ROIs were drawn around both the enhancing and nonenhancing solid portions of the tumor at all available axial levels of the ASL tumor blood flow map. Conventional MR imaging, including T2WI and contrast-enhanced T1WI, was used to cross-reference solid portions of the tumor to the ASL tumor blood flow maps. Areas of cyst, necrosis, and gross hemorrhage Enhancement of each tumor was graded by a blinded neuroradiologist (K.W.Y.) with the following scoring system: 0 ϭ no enhancement, 1 ϭ Ͻ 50% enhancement of the solid tissue, 2 ϭ Ն 50% enhancement of the solid tissue.
Pathology Findings
All surgical specimens were reviewed by a board-certified pediatric neuropathologist (H.V.; 30 years of experience). 29 For this study, WHO grade III and IV tumors were considered high grade; WHO grades I and II were considered low grade.
Statistics
We performed statistical analyses by using SPSS version 21 (IBM, Armonk, New York) with an a priori significance level ␣ ϭ .05. The Kruskal-Wallis test for independent samples was used for comparison of the distribution of maximal rTBF and range between multiple tumor grades (low, high, or unspecified), specific histologic types within those grades, different posterior fossa tumors, and different locations for a given tumor type. A separate analysis of posterior fossa tumors was performed to compare perfusion differences among medulloblastoma, pilocytic astrocytomas, and ependymoma (grades II and III). Comparison of values between 2 groups, such as medulloblastoma and pilocytic astrocytoma, was performed with the Mann-Whitney U test for independent samples. DIPGs were excluded from the analysis because these tumors are graded as WHO II-IV and typically do not have available pathologic specimens. The relationship between tumor volume and rTBF was tested by Pearson correlation.
RESULTS
Patients
The mean age of the 54 participants was 7.5 years (median age, 6 years; age range, 2 months to 18 years). There were 33 boys and 21 girls. Surgical specimens were available in 49 of these patients. Diagnoses in 4 patients with OPG and 1 patient with DIPG were based on characteristic MR imaging and clinical presentation, as these typically are not resected.
Tumor Pathologic Features
The tumors included 21 high-grade tumors (WHO III and IV), 32 low-grade tumors (WHO I and II), and 1 DIPG with unspecified grade. Tumor pathologic features by WHO grade, age, location, and rTBF are shown in the Table. Although OPGs are not typically surgically sampled, prior studies have shown that they usually represent grade I pilocytic astrocytoma 30 and are therefore considered low grade.
Comparison of High-Grade vs Low-Grade Tumors
The values of averaged maximal rTBF by tumor pathologic specimen are shown in the Table. Both the maximal and averaged maximal rTBF of the high-grade tumors (grades III and IV) were significantly higher vs low-grade tumors (grades I and II) (P Ͻ .001) (Fig 2) . There was a wider range of rTBF (minimal to maximal rTBF) among high-grade tumors (2.14 Ϯ 1.78; median, 1.23; range, 0.55-6.96) compared with low-grade tumors (0.60 Ϯ 0.29; median, 0.54; range, 0.32-1.66) (P Ͻ .001).
High-Grade Tumors
Among high-grade tumors, individual histologic features were not distinguished by rTBF (P ϭ .377). The rTBF of glioblastoma (3.70 Ϯ 1.89) was not distinguished from medulloblastoma (2.87 Ϯ 1.74) or combined embryonal tumors (medulloblastoma, primitive neuroectodermal tumor, atypical teratoid rhabdoid tumor) (2.62 Ϯ 1.66) (P ϭ
Low-Grade Tumors
Among low-grade tumors, individual histologic features were not distinguished by rTBF (P ϭ .179). Their maximal rTBF was similar to contralateral gray matter (range, 0.89 -1.12). Pilocytic astrocytoma (1.05 Ϯ 0.18) most closely approximated contralateral normal brain CBF, whereas dysembryoplastic tumors (DNTs) (0.89 Ϯ 0.13) and OPG (0.80 Ϯ 0.09) were hypoperfused. There was no difference in rTBF among pilocytic astrocytomas by location (cerebrum, brain stem, cerebellum) (P ϭ .670). Perfusion examples are shown in Fig 4. 
Posterior Fossa Tumors
There were 22 tumors after exclusion of DIPG, consisting of medulloblastoma, 8 pilocytic astrocytoma, 7 ependymoma, 3 choroid plexus papilloma, 3 and ganglioglioma. 1 Perfusion examples are shown in On-line Fig 1. Among all posterior fossa tumors, rTBF did not reliably distinguish individual histologic features (P ϭ .202). However, there was a significant difference in rTBF between medulloblastoma and pilocytic astrocytoma when compared without consideration of other tumor types (independentsampled Mann-Whitney U test; P ϭ .014). There was also a wider range of rTBF variability among medulloblastoma compared with pilocytic tumors (P ϭ .025) (On-line Fig 2) .
Tumor Volume and Enhancement
There was no correlation between tumor volume and rTBF (P ϭ .459). The rTBF values were not different based on patterns of contrast enhancement (P ϭ .245).
DISCUSSION
Although abundant perfusion data exist in adult glioma regarding tumor detection, pathologic correlates, and therapeutic response, few studies have examined tumor perfusion in children. However, it may not always be feasible or appropriate to apply adult glioma data in the evaluation of pediatric tumors because of features unique to the pediatric population. [31] [32] [33] For example, embryonal tumors, such as medulloblastoma and primitive neuroectodermal tumor, are rarely seen in adults; epidermal growth factor receptor amplification and deletion of phosphate and tensin homolog gene, commonly found in adult primary glioblastoma, are rarely detected in pediatric glioblastoma. 31, 33 With increased use of antiangiogenic therapies, including treatment of pediatric highgrade astrocytomas and treatment-resistant medulloblastoma and pilocytic astrocytoma, PWI may be a key to tumor surveillance and identification of treatment-responsive tumor subtypes.
The benefits of ASL perfusion in children are well known, including high labeling efficiency, SNR, and lack of contrast requirement. 34 Immature paranasal sinuses also likely contribute to improved image quality of ASL, with reduced distortion artifacts in the frontal and inferior brain regions in young children. 35 Here, we used spin-echo ASL that incorporates high-field parallel imaging, pseudocontinuous labeling, and 3D imaging with background suppression, which has previously been shown to increase sensitivity for CBF imaging. 36 To our knowledge, our study is the first to report ASL parameters of various pathologic types of pediatric brain tumors and its use in correlating tumor grade in children.
Our results for neuronal-glial and astrocytic tumors are similar to nuclear medicine and adult perfusion studies. Similar to a prior report by Kumabe et al 37 that showed high uptake in their 3
cases of ganglioglioma by use of thallium-201 SPECT, tumor blood flow was elevated compared with gray matter in 5 of 6 gangliogliomas in our study. In contrast, DNTs, which generally have low growth potential, 38 showed lower rTBF, similar to hypoperfusion pattern by use of iodine 123 N-isopropyl-p-iodoamphetamine or technetium Tc99m hexamethylpropyleneamine oxime methods. 39 In our study, rTBF for glioblastoma ranged from 2.43-6.49, similar to the wide range of 1.18 -5.86 reported for adult high-grade gliomas. 16, 24 Also, rTBF of 0.78 -1.37 for grade I/II glioma was similar to the 0.59 -0.96 range reported for adult low-grade gliomas. 16, 24 Different ASL techniques and reference brain regions may account for some variations. A wide rTBF range for high-grade neoplasms suggests vascular heterogeneity, which also has been noted for adult glioblastoma by use of DSC perfusion. 9 The ability of ASL maps to depict tumor vascular heterogeneity and indicate higher tumor blood flow regions offers a useful parameter, which could help direct biopsy of higher vascular density or more malignant regions. Pilocytic astrocytomas are typically considered vascular with characteristic hyalinized and glomerular vessel formation along the cyst wall. 40 In our study, rTBF of pilocytic astrocytoma was not elevated and was similar to contralateral gray matter. This finding may be attributed to the characteristic capillary exchange rate within the pilocytic tumor tissues, vessel density, and micro- vascular architecture or integrity. 41, 42 Although not statistically different, OPG consistently showed slightly lower perfusion than other pilocytic astrocytomas. Given reports of increased microvessel density in OPG with more aggressive behavior, 43 exclusion of OPG that required therapy could have biased toward a subset of less vascular, or biologically less aggressive, OPG in our cohort.
Although posterior fossa tumors comprise approximately 50% of pediatric brain tumors, 44 perfusion parameters of these tumors are relatively unknown, in part, because of general technical challenges of DSC perfusion requiring large intravenous access or power injection and posterior fossa susceptibility artifacts when using the gradient-echo technique. Here, we showed higher perfusion in medulloblastoma compared with pilocytic astrocytoma, which may complement DWI in distinguishing these tumors, as previously described by Rumboldt et al. 45 Although medulloblastoma, on average, showed higher rTBF than ependymoma, overlap between these 2 tumors was seen because of wide perfusion variability of medulloblastoma.
Such heterogeneous perfusion among medulloblastoma is noteworthy. Although medulloblastomas are classically categorized based on the presence of densely packed round cells, pathologic "variants" (large-cell or anaplastic medulloblastoma, desmoplastic medulloblastoma, and medulloblastoma with extensive nodularity) with unique histologic features and biologic or clinical behavior are now recognized and incorporated in the 2007 WHO classification. Investigators have further shown heterogeneous imaging features 46 and marked genetic diversity of medulloblastoma with at least 4 unique molecular subgroups (WNT, SHH, group C, and group D) having distinct transcription profiles, chromosomal aberrations, and clinical behavior. 47, 48 Of note, 4 of the 8 medulloblastomas with the highest rTBF (range, 2.16 -4.97) demonstrated the most aggressive behavior, with death occurring within 11 months of tumor diagnosis in 3 patients and the remaining patient classified as having high-risk disease at the time of the study because of leptomeningeal seeding. Further studies are needed to determine perfusion and genomic correlates and the potential prognostic role of perfusion imaging in pediatric medulloblastoma.
We observed no significant difference in rTBF values on the basis of the degree of contrast enhancement. Perfusion measurements of tumors by ASL are much less sensitive to permeability changes than the DSC methods, which are more affected by impaired blood-brain barrier function. 24, 49 It is likely that the ASL signal of our tumors represented tumor perfusion on the basis of vascular density as previously described by Noguchi et al. 23 We recognized a few limitations in our study. Although most of the patients presented with headaches, nausea or vomiting, and focal neurologic deficits, a small number of those with seizures, specifically those with ganglioglioma or DNTs, could have presented with altered brain hemodynamics. 50 Elevated intracranial pressure from brain tumor could potentially reduce global cerebral perfusion and thereby decrease SNR and accuracy of the CBF and tumor blood flow measurements. To mitigate this problem, as well as age and other patient-dependent factors that could affect cerebral perfusion, tumor blood flow was referenced to normal brain as an internal control. Also, given general unknown effects of sedatives on ASL imaging, sedation status remains an important consideration in pediatric imaging. 49 However, for relative ASL tumor blood flow measures, its effect is likely small because of its focus on regional hemodynamic change, similar to presumed insignificant effect on relative calculations obtained by the DSC method. 49 Prior investigators have shown that ASL underestimates CBF in brain regions with delayed flow, such as the white matter. 27 It is possible that ASL could underestimate tumor blood flow in cases of tortuous vasculature from angiogenesis because of delay in signal arrival, and alternatively, overestimate tumor blood flow in cases of vascular shunting. Despite reports of fewer susceptibility artifacts compared with gradient-echo PWI, 17 many patients were excluded from our study because of dental braces, which rendered the ASL nondiagnostic, an important factor in clinical implementation.
CONCLUSIONS
Characteristic ASL perfusion patterns were seen among diverse pathologic types of brain tumors in children and can be used to distinguish high-grade and low-grade tumors. 
